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Low-density lipoprotein receptor-related protein 5 
(LRP5) is essential for normal cholesterol metabolism 
and glucose-induced insulin secretion 
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A Wnt coreceptor low-density lipoprotein receptor-related protein 5 
(LRP5) plays an essential role in bone accrual and eye development. 
Here, we show that LRP5 is also required for normal cholesterol and 
glucose metabolism. The production of mice lacking LRP5 revealed 
that LRP5 deficiency led to increased plasma cholesterol levels in mice 
fed a high-fat diet because of the decreased hepatic clearance of 
chylomicron remnants. In addition, when fed a normal diet LRP5- 
deficient mice showed a markedly impaired glucose tolerance. The 
LRP5-deficient islets had a marked reduction in the levels of intra- 
cellular ATP and Ca^"*" in response to glucose, and thereby glucose- 
induced insulin secretion was decreased. The intracellular inositol 
1 A5-trisphosphate (IP3) production in response to glucose was also 
reduced in LRP5-/- islets. Real-time PCR analysis revealed a marked 
reduction of various transcripts for genes involved in glucose sens- 
ing in LRP5-/- islets. Furthermore, exposure of LRP5+/-H islets to 
Wnt-3a and Wnt-5a stimulates glucose-induced insulin secretion and 
this stimulation was blocked by the addition of a soluble form of Wnt 
receptor, secreted Frizzled-related protein-1. In contrast LRP5-defi- 
cient islets lacked the Wnt-3a-stimulated insulin secretion. These data 
suggest that Wnt/LRP5 signaling contributes to the glucose-induced 
insulin secretion in the islets. 

diabetes [ Wnt protein | chylomicron remnant | pancreatic /3 cells | 
insulin-like growth factor 1 

Low-density lipoprotein (LDL) receptor-related protein (LRP)5 
and LRP6 are coreceptors involved in the Wnt signaling 
pathway (1-6). The Wnt signaling pathway plays a pivotal role 
in embryonic development (7, 8) and oncogenesis (9) through 
various signaling molecules including Frizzled receptors (10), 
recently characterized LRP5 and LRP6 (1-6), and Dickkopf 
proteins (4, 6). In addition, the Wnt signaling is also involved in 
adipogenesis by negatively regulating adipogenic transcription 
factors (Tcfs) (11). Although Wnt signaling has been character- 
ized in both developmental and oncogenic processes, little is 
known about its function in the normal adult. 

Recent studies have revealed that loss of function mutations 
in the LRP5 gene cause the autosomal recessive disorder osteo- 
porosis-pseudoglioma syndrome (12). LRP5 is expressed in 
osteoblasts and transduces Wnt signaling via the canonical 
pathway, thereby modulating bone accrual development (12, 13). 
A point mutation in a "propeller" motif in LRP5 causes a 
dominant-positive high bone density by impairing the action of 
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a normal antagonist of the Wnt pathway, Dickkopf, thereby 
increasing Wnt signaling (14, 15). In addition, the human LRP5 
gene is mapped within the region (IDDM4) linked to type 1 
diabetes on chromosome llql3 (16). 

In previous studies, we and others showed that LRP5 is highly 
expressed in many tissues, including hepatocytes and pancreatic 
beta cells (17, 18). We also showed that LRP5 can bind apolipopro- 
tein E (apoE) (18), This finding raises the possibility that LRP5 
plays a role in the hepatic clearance of apoE-containing chylomi- 
cron remnants, a major plasma lipoprotein carrying diet-derived 
cholesterol. 

To evaluate the in vivo roles of LRP5, we generated LRP5- 
deficient mice. In this paper, we describe a function of LRP5 in 
the metabolism of cholesterol and glucose. Our data indicate 
that LRP5 is a multifunctional receptor involved in multiple 
pathways, including bone development, cholesterol metabolism, 
and the modulation of glucose-induced insulin secretion. 

Experimental Procedures 

Generation of LRPS-Deficient Mice. To produce mice carrying a 
mutated LRP5 gene, a targeting vector was constructed from a 
genomic DNA fragment containing exons 17 and 18 of the 
murine LRP5 gene. A neomycin-resistance gene under tran- 
scriptional control of the mouse phosphoglycerate kinase- 1 
promoter (PGK-neo) was inserted into ihQ Xhol site within exon 
18 of the mouse LRP5 gene. The 5' and 3' DNA fragments 
flanking PGK-neo were ligated into a pMCDT-A plasmid 
(GIBCO/BRL) composed of a poly(A)-less neo gene, a poly- 
merase destabilizing signal, a pausing signal for RNA polymer- 
ase II, and the diphtheria toxin A fragment (DT-A) gene for 
negative selection (19). TT2 embryonic stem (ES) cells (20) were 
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transfected using standard techniques (21). Chimeric males were 
generated using the morula aggregation technique, and mated to 
C57BL/ 6J female mice. After achieving germ-line transmission, 
LRP5+/- females were crossed with C57BL/6J males. For 
immunoblotting, an antibody against murine LRP5 peptide 
(ATLYPPILNPPPSPA, amino acids 1490-1504, NCBI Protein 
database accession no. NP_032539) was generated. The antibody 
binding was detected with a chemiluminescence detection kit 
(ECL, no. RPN2106, Amersham Pharmacia Biotech). 

Plasma Clearance and Hepatic Uptake of Chylomicron Remnants. 

Chylomicron remnants were prepared using a modified method 
of Redgrave and Martin (22) using functionally hepatectomized 
rats, and labeled with fluorescent lipid (l,l'-dioctadecyl- 
3,3,3',3'-tetramethylindocarbocyanine perchlorate, Dil) as de- 
scribed by Takahashi et al (23). Mice fed a high-fat diet for 16 
weeks were injected i.v. into a femoral vein, with fluorescent 
chylomicron remnants from rat (5 per mouse) in 0.2 ml of 
PBS. Blood was sampled at various times and, after extracting 
lipid, plasma fluorescence was measured with a spectrof luorom- 
eter. The amount of fluorescence remaining in the plasma is 
expressed as a percentage of the calculated initial blood con- 
centration, assuming that plasma volume is 4.4% (vol/wt) of 
body weight After collection of the final blood samples, the mice 
were exsanguinated and livers were excised for the extraction of 
lipids and measurement of fluorescence. 

Blood Glucose and Serum Insulin. Mice (6-8 months old) were 
fasted for 12 h and then given an i.p. injection of glucose (1 g/kg 
of body weight). Blood samples were obtained from the tail vein 
at the indicated times after the glucose load. Blood glucose and 
plasma insulin levels were measured with the Glucose CII test 
Wako (Wako Pure Chemical, Osaka) and an insulin RIA kit 
(Shionogi, Osaka), respectively. 

Analysis of Pancreatic islets. The procedure for the isolation of 
pancreatic islets is described in Supporting Methods, which is 
published as supporting information on the PNAS web site, 
www.pnas.org. For the measurement of insulin secretion from 
islets, pancreatic islets from 6- to 8-month-oId mice were pooled 
and cultured in RPMI medium 1640 containing 11.6 mM 
glucose, 1% penicillin-streptomycin, 10% FBS, and 25 mM 
Hepes at pH 7.4 (medium A). Pancreatic islets cells were 
infected with recombinant adenoviruses encoding LRP5 
(AdLRPS) (18) or LacZ (AdLacZ) according to the procedure 
by Becker et al (24). After culturing for 16-20 h, islets were 
transferred to Krebs-Ringer buffer (KRB; Sigma) containing 
0.2% BSA for the measurement of insulin secretion studies by 
using an RIA kit (Amersham Pharmacia Biotech). For mea- 
surement of intracellular Ca^+ concentration ([Ca^^^Ji), pan- 
creatic islet cells were cultured on a collagen-coated, glass- 
bottomed well for 16 h in medium A, and loaded with the 
fluorescent Ca^^ indicator Fluo3/AM as described by Katoh 
et al (25). Changes in [Ca^"*"]; were measured using a confocal 
laser scanning microscope (Axiovert 100, Zeiss) with a X40 
objective lens. Intracellular levels of ATP and ADP were mea- 
sured with a luciferase-luciferin system by using an ATP deter- 
mination kit (catalog number A-22066, Molecular Probes; ref. 26). 
Intracellular levels of inositol 1,4,5-trisphosphate (IP3) were deter- 
mined using an IP3 RIA kit (Amersham Pharmacia Biotech). 

Wnt-Condltioned Media (CM) and Purified Secreted Frizzled-Related 
Protein-1 (sFRP-1 ). CM from Wnt-3a, Wnt-5a, and parental vector- 
transfected L cells were prepared according to Shibamoto et al 
(27). CM were diluted 5-fold with medium A. After incubation 
with CM for 16 h, islets were transferred to Krebs-Ringer buffer 
for the measurement of insulin for secretion studies. 
An expression plasmid encoding recombinant sFRP-1 contain- 
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Fig. 1. Generation of LRP 5 -deficient mice. {A) Diagram of the targeting 
strategy. Only the relevant restriction sites are indicated. (B) Southern blot 
analysis of H/nd Ill-digested DNA from LRP5+/+, LRP5-/-, and LRP5+/- 
mice. Southern blotting was performed with the probe indicated in A. H/ndlll 
digestion resulted in an 18-kb fragment in wild-type DNA and a 13-kb frag- 
ment in homologous recombinants. A typical autoradiogram is shown. (O 
Northern blot analysis of LRP5 transcripts. Total RNA (1 5 ^ig) from the livers of 
LRP5+/+ and LRP5-/- mice was hybridized with a mouse LRP5 cDNA probe 
(extended from nucleotide 2401 to nucleotide 2991). Atypical autoradiogram 
(48-h exposure) is shown. RNA loading was consistent among the lanes as 
judged by ethidium bromide staining and reprobing with glyceraldehyde-3- 
phosphate dehydrogenase. (D) Immunoblot analysis, using an anti-mouse 
LRP5 antibody, of LRP5+/+, LRP5+/-, and LRP5-/- mouse liver membrane 
fractions. Each lane was loaded with 500 y^q of crude membrane fraction from 
the liver homogenates. Protein loading was consistent among the lanes as 
judged by Ponceau staining. 



ing Myc/polyhistidine epitopes (28) was used to produce recom- 
binant sFRP-1 in COS7 cells. COS7 cells were transfected with the 
expression plasmid by using the Lipofectamine reagent (GIBCO/ 
BRL). Twenty-four hours after the transfection, the cells were 
switched to a serum-free medium (OPTI-PRO, GIBCO/BRL) and 
cultured for 48 h. Recombinant sFRP-1 was purified from the 
culture medium of transfected cells by using a HisTrap kit (Am- 
ersham Pharmacia Biotech) according to the manufacturer's pro- 
tocol. The purity of the purified protein was verified by immunoblot 
analysis with anti-Myc tag antibody (Cell Signaling Technology, 
Beverly, MA). 

Results 

Generation of LRPS-Deficient Mice. An insertion- type vector was 
constructed to disrupt an exon encoding a ligand-binding repeat 
of the mouse LRP5 gene (exon 18; Fig. L4). Three lines of mice 
lacking LRP5 were identified by Southern blotting (Fig. IB), and 
the absence of LRP5 transcripts (Fig. IC) and protein (Fig. LD) 
in the liver was confirmed by Northern blot and immunoblot 
analyses, respectively. 

Wild-type (LRP5+/+), heterozygous (LRP5+/-), and ho- 
mozygous (LRP5— /-) mice were bom with frequencies predicted 
by simple Mendelian ratios. In contrast to the severe developmental 
defects of LRP6 mutant mice (3), LRP5-/- mice of both sexes 
developed and appeared normal, gaining weight at a rate equal to 
that of LRP5+/+ mice and were normally fertile. Under light- 
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microscopic examination of LRP5-deficient males, there were no 
apparent histological abnormalities in the tissues examined, includ- 
ing bone, brain, eye, kidney, liver, and pancreas. 

Although no apparent low-bone-mass phenotype was observed 
in 3- to 6-month-old LRP5-/- males under light-microscopic 
examination, we noticed that the femur and parietal bones were thin 
and fragile in LRP5-/- females older than 6 months. The 
thickness of the parietal portion of calvaria of LRP5 -/ - mice was 
significantly reduced to 50-60% of the controls (n = 3, P < 0.04; 
Fig. 6, which is published as supporting information on the PNAS 
web site). Similarly, the thickness of tibias of LRP5-/- females 
was also reduced to 60-70% of the controls (data not shown). We 
also found some cases of pathological fracture of lower limbs in 
these mice. Recently, Kato et al. (13) generated LRP5-/- mice 
developing a severe low-bone-mass phenotype similar to that of 
patients with osteoporosis-pseudoglioma syndrome. The low-bone- 
mass phenotype of LRP5-/- generated by Kato et al was ob- 
served regardless of sex and age, and a significant number of the 
mice died within the first month of life because of fractures. The 
relatively modest bone phenotype of our LRP5-/- females re- 
sembles the osteoporosis of humans and suggests that the involve- 
ment of other factors, including sex, aging, hormonal status, dietary 
exposure, and genetic background in the development of a low- 
bone-mass phenotype. 

Impaired Chylomicron Clearance. To determine the metabolic 
consequences of LRP5 deficiency, we analyzed the effects of 
LRP5 deficiency on lipoprotein metabolism by using LRP5 - / - , 
+/-, and +/+ mice. The plasma levels of cholesterol in 
LRP5+/- and LRP5-/- mice that were fed a standard 
laboratory chow were identical to those of their LRP5+/+ 
littermates (Fig. 7, which is published as supporting information 
on the PNAS web site). In contrast, when mice were fed a 
high-fat diet containing 7.5% coconut oil and 1.25% cholesterol, 
plasma cholesterol levels were significantly increased in both 
LRP5+/- and LRP5-/- mice. The levels of plasma choles- 
terol in LRP5-/- mice fed a high-fat diet for 2 months were 
«-200 mg/dl, whereas those in LRP5+/+ Uttermates were «^170 
mg/dl (Fig. 24). HPLC analysis of the plasma lipoprotein profile 
revealed that very low-density lipoprotein cholesterol was in- 
creased in LRP5-/- mice after being fed a high-fat diet (Fig, 
7). The levels of plasma triglyceride in LRP5+/+ and -/- mice 
were indistinguishable (within the range of 50-80 mg/dl). 

apoE-containing chylomicron remnants can be cleared normally 
in LDL receptor-lacking familial hypercholesterolemia patients and 
Watanabe hereditary hyperlipidemic rabbits (29). To determine the 
effects of LRP5 deficiency on the plasma clearance of chylomicron 
remnants, we injected f luorescently labeled chylomicron remnants 
into LRP5-/- mice and +/+ littermates fed a high-fat diet. As 
shown in Fig. IB, approximately half of the injected chylomicron 
remnants were cleared from the plasma of LRP5+/ + mice at 30 
min after injection, whereas >80% remained in the plasma of 
LRP5-/- mice. Consistent with the delayed clearance, hepatic 
uptake of the injected fluorescence was markedly reduced in 
LRP5-/- mice («='16% of LRP5+/+ mice, Fig. 2C). A similar 
result was obtained for apoE-rich jS-migrating very low-density 
lipoprotein (data not shown). The mRNA levels of LDL receptor 
and LRPl (a candidate chylomicron remnant receptor; ref 30), 
were indistinguishable between LRP5+/+ and -/- mice (data 
not shown). These data indicate that LRP5 recognizes apoE- 
containing lipoproteins in vivo and plays a role in the hepatic 
clearance of chylomicron remnants. 

Impaired Glucose-Induced Insulin Secretion. We next analyzed the 
effects of LRP5 deficiency on glucose metabolism in LRP5-/- 
mice. Mice were fed either a normal laboratory chow diet (CE-2, 
CLEA Japan, Osaka) or a high-fat diet containing 1.5% cholesterol, 
7.5% olive oil, 5% cholic acid, and 7.5% milk casein in a standard 
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Fig. 2. Diet-induced hypercholesterolemia in LRP5-deficient mice. (A) Total 
plasma cholesterol levels in mice that were fed a high-fat diet. Mice (7-8 
weeks of age) heterozygous (LRP5+ /-) and homozygous (LRP5-/-) for LRP5 
deficiency and their wild-type littermates (LRP5+/+) were fed a high-fat diet 
for 1 6 weeks, during which plasma total cholesterol levels of each mouse were 
measured at the indicated times. The values are the mean ± SE for six mice. *, 
P < 0.05 compared with LRP5+/+. (S and O Plasma clearance (B) and liver 
uptake (0 of injected chylomicron remnants (CMR). The values are the mean ± 
SE for six mice. *.P< 0.01; Student's ttest. 

laboratory chow diet. Although fasted blood glucose and insulin 
levels in LPIP5-/- and +/- mice appeared identical to those of 
their +/+ Uttermates, even after being fed a high-fat diet (90-110 
mg/dl), LRP5-/- and LRP5+/- mice exhibited impaired glu- 
cose tolerance (IGT) during an i.p. glucose-tolerance test (Fig. 3A). 
This IGT was observed regardless of sex; however, it was age- 
dependent, because significant glucose intolerance was not seen in 
LRP5-deficient mice before 6 months of age. Consistent with the 
marked glucose intolerance, the glucose-induced increase in plasma 
insulin concentration was lower in both LRP5-/- and LRP5+/- 
mice than in LRP5+/+ mice (Fig. 3B). Pancreatic sections from 
6-month-old LRP5+/+ and LRP5-/- mice showed no manifes- 
tation of insulitis, including the infiltration of lymphocytes or 
reduced cell mass in LRP5-/- islets (Fig. 8^, which is published 
as supporting information on the PNAS web site). Similarly, the 
appearances of alpha and beta cells of the islets were almost 
indistinguishable in LRP5+/+ and -/- mice as determined by . 
Grimelius (alpha cells; Fig. SB) and aldehyde-fuchsin staining (beta | 
cells; Fig. 8C). Pancreatic insulin levels in LRP5-/- mice were not 
significantly different from those of LRP5+/-t- mice and are as 
follows: 7.07 ± 0.94 and 6.40 ± 0.48 milliunits/mg of protein in | 
LRP5+/+ and LRP5-/- mice, respectively (n = 6; Fig. 8D). 
Pancreas weights were also indistinguishable in LRP5+/+ and 
-/- mice (306 ± 17 and 296 ± 8 mg in LRP5+/+ and LRP5-/- 
mice, respectively, n = 6). No apparent differences were seen in the 
size of the islets betweenLRP5+/+ and -/- mice either, as shown 
in Table 3, which is published as supporting information on the 
PNAS web site. An i.p. insulin tolerance test revealed that 
LRP5-/- mice fed a normal diet were not insulin resistant (data 
not shown). In contrast to LRP5-/- mice, IGT was not seen in 
mice lacking apoE (data not shown), suggesting that the IGT in 
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Fig. 3. Impaired glucose-induced Insulin secretion In LRP-deficient mice and 
amelioration by AdLRPS. {A and B) Blood glucose (A) and serum insulin (8) levels 
in LRP5+/+, +/-, and -/- mice after glucose injection. (0 Impaired insulin 
secretion from the islets of LRP5-/- mice. Insulin secretion was induced by 
different concentrations of glucose and 0.2 mM tolbutamide (Tol), or 10 mM 
a-ketoisocaproate (KIC), in the presence of 5.6 mM glucose. (D) Restoration of 
insulin secretion by AdLRPS. Pancreatic islets were isolated from LRP5+/ + and 
-/- mice, infected with recombinant adenoviruses encoding LRP5 (AdLRPS) or 
LacZ (AdLacZ), and insulin secretion was measured at various glucose concentra- 
tions. The values in A and B are the mean ± SE for six mice; those in C and D are 
the mean ± SE for four mice. *.P< 0.01; Student's ttest. 

LRP5 + / - and - / - mice is independent of apoE binding to LRP5 . 
Although LRP5-/- islets showed impaired glucose-induced in- 
sulin secretion, no apparent insulin resistance was observed in 
LRP5-/- mice. Other factors, including aging, obesity, and pro- 
longed high-fat feeding, may therefore be required to induce typical 
type 2 diabetes in LRP5-/- mice. 

To further define the effects of LRP5 deficiency on glucose- 
induced insulin secretion, pancreatic islets were prepared from 
LRP5+/+ and -/- mice, and the changes in the levels of 
glucose-induced insulin secretion were analyzed. Consistent with 
the glucose-tolerance test, the change in the insulin secretory 
response to glucose in LRP5-/- islets was profoundly lower 
than that of LRP5+/+ islets, particularly at higher concentra- 
tions (Fig. 3C). When islets were incubated with 10 mM a-ke- 



toisocaproate, which is used for ATP production (31), the 
changes in the levels of insulin secretion from islets of LRP5 - /- 
mice were approximately the same as those from LRP5+/+ 
mice, suggesting that there is no impaired ATP production from 
a-ketoisocaproate in the mitochondrial tricarboxylic acid cycle. 
Similarly, when cells were incubated with 0.2 mM tolbutamide, 
there were no changes in the levels of insulin secretion in 
LRP5-/- and +/+ mice. To restore the impaired insulin 
secretory response to glucose, LRP5-/- islets were infected 
with recombinant adenovirus encoding human LRP5 
(AdLRPS). As shown in Fig. 3D, infection of LRP5-/- islets 
with AdLRPS caused their glucose-induced insulin secretion to 
recover to the levels of LRP5+/+ islets infected with control 
adenovirus encoding )3-galactosidase (AdLacZ) or AdLRPS. 

To further evaluate the impaired glucose-induced insulin 
secretion in LRP5-/- islets, we compared ATP and ADP levels 
in the islets. As shown in Table 1, the ATP content and 
ATP/ADP ratio in the presence of 22.2 mM glucose were 
significantly decreased (by 25-30%) in LRP5-/- islets com- 
pared with those in -1-/+ islets. In contrast, the glycogen content 
of the islets and hepatic glycogen synthase activity were almost 
unaltered in LRP5-/- mice (data not shown). Taken together, 
these data (Fig. 3C and Table 1) suggest that the glycolytic 
pathway was impaired in the LRPS-/- islets. 

Consistent with the decreased ATP content and ATP/ADP 
ratio, glucose-induced intracellular [Ca^^^Ji level was markedly 
decreased in uninfected LRPS-deficient islets. Fig. 4 A and B shows 
the glucose-induced [Ca^"^]; increase (as determined by changes in 
fluorescence intensity) in LRP5+/+ and -/-islets infected with 
AdLacZ or AdLPRS. The glucose-induced [Ca?-^]i increase in 
LRPS-/- islets infected with AdLacZ (Fig. 4B) was markedly 
lower than that of LRP5-1-/+ islets infected with AdLacZ or 
AdLRPS (Fig. 4A). The average changes in fluorescence intensity 
(in arbitrary units) by glucose (2.8 mM 20 mM) in LRPS-/- 
and LRP5+/+ islets infected with AdLacZ were 29.8S ± 4.04 and 
11.10 ± 1.36, respectively (n - 30; P < 0.001). When LRPS- 
deficient islets were infected with AdLRPS, the glucose-induced 
[Ca2"^]i was restored ahnost completely to normal levels (Fig. 4B). 
There were no statistical differences in the increases in [Ca^"^]! 
among LRPS4-/-h islets infected with AdLacZ or AdLRPS and 
LRP5-/-islets infected with AdLRPS. We also examined the 
glucose-induced production of IP3. The glucose-induced intracel- 
lular levels of IP3 were profoundly reduced in LRPS - / - islets (Fig. 
4C). When LRPS-deficient islets were infected with AdLRPS, the 
glucose-induced IP3 production was restored ahnost completely to 
normal levels (Fig. 4D). 

Real-Time PCR Analysis. To identify the mechanism underlying the 
impaired glucose-stimulated insulin secretion, especially the 
reduced glycolytic pathway, we evaluated steady-state mRNA 
levels of glucose-sensing proteins and the hepatocyte nuclear 
factor (HNF) family of transcriptional factors by real-time PCR 
(see Supporting Methods), As shown in Table 2, the mRNA levels 
of insulin-like growth factor (IGF)-l receptor, insulin receptor 



Table 1. ATP and ADP contents and the ATP/ADP ratio in glucose-stimulated islets 

LRP5+/+ LRP5-/- 

Measurement 2.8 mM glucose 22.2 mM glucose 2.8 mM glucose 22.2 mM glucose 

ATP, pmol/lslet 4.69 ± 0.08 9.95 ± 0.78 5.20 ± 0.16 7.91 ± 0.74* 
ADP. pmol/islet 2.66 ± 0.23 1.89 ± 0.07 1.93 ± 0.15 1.81 ± 0.10 

ATP/ADP ratio 2.10 ± 0.23 4.93 ± 0.07 2.31 ± 0.12 3.37 ± 0.20** 

Islets of four mice were pooled and incubated at 37*C in the presence of 2.8 or 22.2 mM glucose. After 1 h, the incubation was stopped 
by the addition of 0.125 ml of trichloroacetic acid to a final concentration of 5%. The Islets were disrupted by sonication, and ATP and 
ADP contents were measured with a lucif erase-lucif erin system (25). Data are from four independent experiments. Each value represents 
the mean ± SE. *. P < 0.01; **, P < 0.001; as compared with wild-type islets (one-way ANOVA). 
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Fig. 4. Impaired glucose-induced [Ca^^Jj increase and IP3 production in 
LRP5-deficlent islets. (A and B) LRP5+/+ {A) and -/- (S) Islets infected with 
AdLRPS or control AdLacZ. Changes in [Ca^"*^]! were measured under low 
glucose (2.8 mM; LG). high glucose (20 mM; HG), or 20 mM KCI (KCI). Repre- 
sentative data from 30 experiments are shown. (C) Time course of IPS content 
In response to 20 mM glucose in LRP5+/+ and -/- Islets. Values are the 
mean ± 5E from quadruplicate determinations. (D) Restoration of IP3 pro- 
duction by AdLRPS. Pancreatic islet cells were Isolated from LRP5 + /+ and 
-/- mice and Infected with AdLRPS or AdLacZ, and the IP3 content was 
measured at 5 min after exposure to 20 mM glucose. The values are the 
mean ± SE from quadruplicate determinations. *. P< 0.01; Student's t test. 



substrate-2 (IRS-2), HNF-4a, insulin receptor, and Tcfl (HNF- 
la) transcripts were drastically decreased in LRPS— /- islets 
(3%, 6%, 9%, 12%, and 17% of control, respectively). Similarly, 
the levels of Tcf2 (HNF-lj3), glucokinase, Foxal (Forkhead box 
Al, HNF-3a), and Tcf4 transcripts were profoundly decreased in 
LRP5-/- islets (33%, 49%, 51%, and 59% of control, respec- 
tively). In contrast, the levels of glucose transporter 2 were 
unchanged and the insulin transcripts were increased by 30% in 
LRP5-/- islets. 

Effects of Wnt on Glucose-Induced Insulin Secretion. LRPS has been 
shown to bind Wnt and believed to act as a coreceptor for the Wnt 
signaling pathway. To determine the involvement of Wnt proteins 
in glucose-induced insulin secretion, we pretreated LRP5+/H- 
islets with CM from Wnt-3a-, Wnt-5a-, or parental vector- 
transfected L cells (neo-CM) (27). As shown in Fig. 5/4, pretreat- 
ment of LRPS+/+ islets with Wnt-3a-, and Wnt-Sa CM for 16 h 
markedly stimulated glucose-induced insulin secretion. This Wnt 
protein-stimulated glucose-induced insulin secretion was blocked 
by the addition of purified Frizzled-related protein- 1 (FRPl gene 
product), a soluble antagonist for sFRP-1 (28). 

In contrast, this stimulation of glucose-induced insulin secre- 
tion by Wnt-3a-CM was not seen in uninfected LRPS-deficient 
islets (data not shown) or in LRF5-/- islets infected with 
AdLacZ, whereas AdLRPS infection restored the Wnt-3a- 
stimulated insulin secretion (Fig. 5B). These data demonstrate 
that Wnt-3a-stimulated glucose-induced insulin secretion is me- 
diated by LRPS. In contrast to the stimulation by Wnt-3a of 
glucose-induced insulin secretion, the intracellular insulin levels 



Table 2. Relative amounts of mRNAs in islets from LRP5-/- 
mice as compared with values in +/+ mice 

Relative amount of mRNA in 
mRNA from islets LRP5-/- mice 



Tcfl (HNF-la) 


0.17 


\Cf2 (HNF-i^) 


0.33 


1 CXh 
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Foxa2 (HNF-3^) 


0.85 


HNF-4a 


0.09 


Insulin 


1.30 


IRS-1 


0.60 


IRS-2 


0.06 


Insulin receptor 


0.12 


IGF-1 


1.78 


IGF-2 


0.64 


IGF-1 receptor 


0.03 


Glucose transporter 2 


0.94 


Glucokinase 


0.49 


LRPS 


0.01 



Male mice aged 6-8 months were used in this experiment. Total RNA from 
islets of four mice was pooled and subjected to real-time PGR quantification 
as described under Experimental Procedures. Cyclophilin was used as the 
invariant control. Values represent the amount of mRNA relative to that in 
LRP5+/+ mice, which is arbitrarily defined as 1. 



were unchanged, indicating that Wnt-3a has no effects on the 
production of insulin in the islets (data not shown). 

Discussion 

Here, we investigated the function of LRPS by examining 
LRPS-/- mice. We show that LRPS is required for proper 
hepatic clearance of chylomicron remnants and for glucose- 
induced insulin secretion from the pancreatic islets, in addition 
to bone and eye development. Hyperlipoproteinemia has long 
been known to be a significant complication of diabetes, and our 
studies suggest a possible molecular linkage through LRPS. So 
far, the LRPS locus has been linked to type 1 diabetes (32, 33) 
in humans, and our studies indicate that a more detailed 
investigation of the linkage of LRPS with type 2 diabetes is 
warranted. 

Consistent with the impaired glucose-induced insulin secre- 
tion and the reduced ATP/ADP ratio in LRPS-/- islets, the 




Fig. 5. Effects of Wnt-3a and Wnt-5a on glucose-Induced insulin secretion. 
(A) Insulin secretion from the islets. LRP5+/+ Islets were pretreated with 
5-fold diluted Wnt-3a-CM, Wnt-5a-CM, or control neo-CM in the presence of 
the Indicated concentration of sFRP-1 for 16 h before measuring insulin 
secretion Induced by glucose, (fl) Lack of Wnt-3a stimulation of Insulin secre- 
tion from LRPS-deficient islets and restoration by AdLRPS. LRP5-/- islets 
were Infected with AdLRPS or AdLacZ and exposed to Wnt-3a- or control 
neo-CM for 16 h before measuring insulin secretion in the presence of 16.S mM 
glucose. The values are the mean ± SE for four mice from quadruplicate 
determinations. *. P< 0.01; Student's ttest. 



Fujino etaL 



PNAS I January 7, 2003 | vol.100 | no. 1 i 233 



steady-state levels of mRNAs for several important molecules in 
the islets were profoundly decreased. These include the HNF 
family of transcriptional factors (Tcfl, Tcf2, Foxal, and HNF- 
4a,), glucose-sensing protein (glucokinase), and insulin- 
signaling proteins (insulin receptor, IGF-1 receptor, and IRS-2). 
Mutations in Tcfl, Tcf2, and HNF-4a genes impair insulin 
secretion and cause mature-onset diabetes of the young 
(MODY). Insulin signaling through the insulin receptor is 
important for maintaining the transcriptional level of glucoki- 
nase and insulin itself in beta cells (34-36). Also, the IGF-1 
receptor signaling pathway through IRS-2 mediates the beta cell 
compensation for peripheral insuHn resistance, as well as the 
development, proliferation, and survival of beta cells (37, 38). 
Our data provide the evidence that LRF5 together with Wnt 
maintains the normal function of the /3 cells through the 
transcriptional regulation of the above-mentioned genes. 

Glycogen synthase kinase )3 (GSK3)3) is a key component in 
many biological processes, including insulin- and Wnt-signaling 
pathways. Both insulin and Wnt inactivate GSK3j3 although 
through different mechanisms: phosphorylation mediated by 
Akt/PKB and axin conduction complex, respectively. Whereas 
insulin induces glycogen synthase activity through the inactiva- 
tion of GSK3P, Wnt had no effect on glycogen synthase activity 
(39). Despite the marked reduction of steady-state insulin re- 
ceptor transcripts in LRP5-/- islets, the glycogen content of 
the islets, hepatic glycogen synthase activity, and pancreatic 
insulin content were almost unchanged in LRP5-/- mice. In 
the beta cell-specific knockout for the insulin receptor, there is 
a decrease in glucose-stimulated insulin release and a marked 
reduction the insulin content of the cells (35). In contrast, the 
insulin content in the islets is unaltered in the beta cell-specific 
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knockout for IGF receptor, whereas glucose-stimulated insulin 
secretion is markedly impaired (38). Based on the similarity of 
glucose-sensing defects between the mice lacking LRP5 and beta 
cell-specific IGF receptor, and the drastic reduction of IGF 
receptor transcripts in LRP5-/- islets, it is suggested that IGF 
signaling is impaired in LRP5-/- islets. 

Despite the differences in the biological roles of Wnt-3a and 
Wnt-5a (jS-catenin/Wnt pathway and Ca^+/Wnt pathway, re- 
spectively), both proteins have similar effects on the stimulation 
of glucose-induced insulin secretion. Based on the stimulation of 
glucose-induced insulin secretion by Wnt proteins and the lack 
of the Wnt-stimulated insulin secretion in LRP5 deficient islets, 
we conclude that LRP5 together with Wnt proteins modulates 
glucose-induced insulin secretion. Although the precise pathway 
for Wnt signaling in the islets is currently unknown, this work has 
demonstrated that Wnt proteins are involved in normal glucose 
metabolism in the adult mouse and suggests that the Wnt 
pathway may provide novel therapeutic strategies for the treat- 
ment of type 2 diabetes. 
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